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FLOOD INUNDATION FOR
OPERATIONAL FORECASTING
by John McHenry, M.Sc. / Chief Scientist, Advanced Meteorological Systems / Baron Services, Inc.

H

igh-resolution streamflow and flooding models
that include continuous soil-moisture accounting
are becoming more widely used in the operational
community. Based on the National Center for
Atmospheric Research (NCAR) Weather Research and
Forecast Model Hydrologic modeling system (WRFHydro) model, the National Water Model (NWM)
is an example of the first such system to have been
deployed over the continental United States without
sacrificing model resolution. Prior to that however,
Baron Services’ (https://www.baronweather.com)
hydrological modeling group – working together
with NCAR and NASA – developed a similar model
called the “LIS-NOAH-V2” (LN2). Embedded within
an early version of NASA’s Land Information-System
(LIS; https://lis.gsfc.nasa.gov) framework, the LN2
was operationally deployed at 100-meter DEM
resolution (finer-scale than the NWM) using explicit
“in-grid” streamflow routing over the entire country
of Romania in the 2008-2012 timeframe (Matreata
et al., 2013). Further, it was certified for operational
use by the Romanian National Institute of Hydrology
and Water Management based on calibration
and regionalization results for >20 representative
catchments across 11 major basins (McHenry and
Burnet, 2011). The LN2 design effort contributed
greatly to the eventual release of the community
WRF-Hydro® model (Gochis et al., 2013).

W

hile the LIS framework which runs LN2 has not
been updated at Baron, the model itself, now
called “LN2-Flood” (LN2-F) has been. It distinguishes
itself from WRF-Hydro in (at least) two important ways:
(1) for any given basin or system of basins: streamchannels, lakes, reservoirs, and their flow-networks
are fully burned into the model’s digitally derived
terrain surface while using power-law relations to
estimate the smooth changes in (average, trapezoidal)
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channel-dimensions proceeding upstream from any
discharge location. Thus, entire networks become
“embedded” in the modeled land-surface ─ as they
are in nature. Bankfull flow can then be explicitly
modeled with respect to the terrain (DEM) used to
route the water over the land-surface; (2) utilizing
these GIS methods, the dynamic model itself includes
an option to feed-back bankfull overtopping flows
onto the land-surface (and vice-versa). This allows
the direct “on-line” estimation and spatiotemporal
evolution of the (forecast) “inundated flood wave”
vis-à-vis the DEM.

T

he approach requires no post-run processing such
as the “HAND” method (Johnson et al., 2019; refer
to Figure 1a). Using “raw” NWM discharge outputs
at stream-junctions, the HAND algorithm provides
inundation estimates that “could have reasonably”
occurred had the NWM been able to simulate the
inundation directly. Importantly, the HAND method
does not account for the re-infiltration of inundated
water on the land-surface, nor does it account for the
slower progression of the entire floodplain wave as it
evolves downstream. The LN2-F does both.
To demonstrate this capability, the massive inland
flooding caused by Hurricane Florence (Sept.
15-18, 2018) was simulated using several LN2-F
configurations deployed upstream of USGS Gauge
021080000 near Chinquapin, North Carolina.
Chinquapin lies along the NE Cape Fear River, which
“rose rapidly, flooding countless roadways and homes
along and far away from the river with numerous
tributary streams flooding as well (NWS, 2018).”
Aerial video of the extensive rooftop - level flooding
can be viewed at https://www.youtube.com/user/
LiveStormsNetwork/playlists (Live Storms Media,
2020).
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Figure 1 - USGS Hurricane Florence Event support map and aerial
view (inset) of portions of Chinquapin NC near the confluence
of Muddy Creek and the NE Cape Fear River in the wake of
Hurricane Florence (image courtesy “LiveStormMedia”).

Accounts from personnel at the Chinquapin Volunteer
Fire and Rescue Squad noted that it was not until
September 22 ─ five days after the event ─ that
water receded from the NC-Hwy 50 roadway near
the Rescue Squad facility (Figure 1; USGS Flood Event
Viewer, 2020; Michael Casey, 2020). The gauge was
destroyed during the event (Figure 2; USGS, 2020).
Location of the gauge with respect to the full Cape
Fear River basin is shown in Figure 3, and estimated
total precipitation amounts and Hurricane Florence
storm track are shown in Figure 4.
Six years of discharge data along with NLDAS-2 (https://
ldas.gsfc.nasa.gov/nldas/v2/forcing) meteorological
forcing data were used to calibrate the model,
deployed at 100-meter scale based on the National
Elevation Dataset (NED, 2020) and latest available
WRF-based soils, land-use, and land-cover maps. The
20-day (Sept. 10 – Oct. 1, 2018) period surrounding
the Florence event was omitted from the calibration
analysis. This resulted in a set of model parameters
“optimized” for the Chinquapin sub-basin. “Apriori”
model parameters were selected from a previously
calibrated Romanian basin similar in size and terrain
characteristics.

Figure 2 - Discharge (top) and Stage (bottom) near Chinquapin,
NC, during the 20-days around Hurricane Florence. Gauge washed
away on Sept. 16. Data suggest that near the gauge, the NE Cape
Fear River did not recede to flood-stage until Sept. 25th. Due to
saturation, low-lying areas remained flooded for days thereafter.

Figure 3 - Cape Fear River basin (outlined in red), showing
location of USGS Gauge 021080000 (Chinquapin), circled in black.
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The full USGS dataset used to calibrate the model
and validate results is shown in Figure 6. Note that
calibration is conducted with respect to discharge
only, not stage.

Figure 4 - Hurricane Florence track and Cumulative Precipitation
Estimates (source: NWS and NOAA Weather Prediction Center).

Four model configurations resulted:
Model Parameter
Settings:

Inundation Feedback Switch

Apriori

(1) Off

(2) On

Calibrated

(3) Off

(4) On

For the six-year calibration period, the apriori (1-Off)
Nash-Sutcliffe index was 0.065 and the calibrated
(3-Off) NSE was 0.820. For the latter, Figure 5 shows
the Levenberg–Marquardt fit (after including the
Florence period) for monthly-mean total observed
versus modeled discharge in cubic meters-per-second
at the gauge.

Figure 6 - Full USGS Discharge Observational Dataset used to
calibrate and validate the LN2-F model. Corresponding stages are
plotted in green.

Results with Inundation Feedback Turned Off

F

ollowing calibration, USGS approved/estimated
discharge data during the Florence 20-day period
were used to assess model performance with the
inundation switch turned off (configurations 1 and 3).
When the switch is off, the model’s channel geometry
is allowed to extend above bankfull “as if” the
channel were as deep/wide as needed to convey the
flood-wave. Keeping the switch off is important for
calibration because once a flood-wave has inundated,
stage-discharge relationships become less certain
(Buahin et al., 2017; Muste and Hoitnink, 2017).
Figure 7 (on the following page) shows the aprioriuncalibrated (1-Off) versus calibrated (3-Off) results
for model-predicted discharge during the 20-day
period surrounding the Florence event. The NashSutcliffe indices for these two configurations were
0.601 and 0.871 respectively.

Figure 5 - Calibrated model results including the Hurricane
Florence period for the water years 2013-2019, showing
Levenberg-Marquardt fit of monthly mean discharge, modeled
versus observed. The best-fit line has a slope near 1.0 with an
extremely small low-flow bias (intercept).
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Although the model does not allow inundation perse in configurations 1 and 3, water does accumulate
on the land-surface and flows into (but not out
of) the channel. Thus, it has some residence time
(ponding) on the land-surface and for large events
can transiently accumulate.
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Figure 7 - Apriori-uncalibrated (1, top) versus calibrated (3, bottom) results for
model-estimated discharge in cubic meters per second during the exclusive
Florence 20-day period; the Nash-Sutcliffe index for these two configurations
was 0.601 and .871 respectively. The red line marks National Weather Service
minor flood stage in meters.
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To portray this, it is convenient to construct a
combined “inundation-function (IFn)” as (1) the
Logarithm-base-10 (Log10) of the ponded water
in inches when there is ponded water on cells not
containing streams; plus (2) Log10 of the terrainsurface in decameters above MSL when the landsurface is dry; plus the following when model grid
cells contain streams: (3a) Log10 of the stream-stage
in feet when not above bankfull, or, (3b) Log10 of the
depth above bankfull in inches when the stream is
above flood-stage. For configurations 1 and 3 there is
no excess above bankfull in the streams; thus, values
shown are simply Log10 of the stream-stage in feet
for stream-containing model grid cells.
The IFn is valuable in quickly assessing model
performance and characteristics. Proceeding in the
discussion using the calibrated model only, Figures
8a and 8b show configuration 3 results for pre-storm
(September 14) and late-storm (Sept 17) days (24hr averages). Differences between the unflooded

Figure 8a - LN2-F Inundation Function for calibrated traditional
configuration, showing pre-storm NE Cape Fear River sub-basin
results on September 14, 2018. The stream-network / DEM
relationship is easily visible, with maximum channel stage of
100.833 = 6.8 feet, well-below flood level. Gauge location is starred.
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pre-storm model environment and the flooded latestorm environment are evident only through close
comparison of the images. On Sept. 17, ponded water
emerges in lighter blue colors having “replaced” the
terrain surface in the image, and the much deeper
stream-stages (reds) are obvious. The approximate
location of the Chinquapin gauge is marked with a
star. By September 19th, all ponded water was either
re-infiltrated or had reached the channel network,
indicating no remaining inundation (not shown). In
many areas of the basin however, inundation did
not fully recede until more than two-weeks after
precipitation ended.
Because the calibrated model time-integrated
discharge is quite accurate for the 20-day Florence
period (Figure 7 bottom), we have confidence that
when inundation feedback is activated and bankfull is
exceeded, the total water discharged onto the landsurface will be reasonable.

Figure 8b - LN2-F Inundation Function for calibrated traditional
configuration, showing late-storm NE Cape Fear River sub-basin
results on September 17, 2018. The stream-network / DEM
relationship is still easily visible, but ponded-water areas emerge
mainly along the riparian river/stream banks and flood-plains
(e.g. light blue colors near main stem, with Log10 (depth-inches)
~ 100.75 ~ 6-inches of ponded water. Observed inundation depths
were up to (at least) 8-feet in some areas. The plot also shows
maximum channel stage of 101.518 = 32.96 feet above bed-level,
slightly higher than but consistent with USGS estimated stage
(following destruction of the gauge, see Figure 2, bottom panel).
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Results with Inundation Feedback Turned On
As expected in the pre-storm environment, configuration 4 results are essentially identical to configuration 3 results
(see Figure 8a). However in the late-storm environment, the IFn reveals significant inundation along the main stem and
various sub-basin tributaries that cannot be estimated without the feedback switch (Figure 9).

Figure 9 - As in Figure 8b, but with the inundation feedback switch turned on. Areas of likely inundation become obvious as the model
forecast progresses. Using an 8-hour centered in time average valid at 00UTC on September 17th, a maximum value of 101.928 = 84.72
inches of ponded water above the terrain surface / river-bankful is estimated. Areas of the plot with less than 1-inch of ponded water
are shown as Log10 (Terrain surface in decameters). This nicely reveals the topography of the unflooded parts of the basin.
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As the event unfolds in the post-storm environment, inundation is seen to evolve in a manner generally consistent with
observations. A sequence of modeled 8hr-centered-average IFn’s is shown to be valid at 00UTC on September 18, 19,
20, 21, 25, and Oct 1 in Figure 10.

Sept 18

Sept 19

Sept 20

Sept 21

Sept 25

Oct 1

Figure 10 - LN2-F 8Hr-avg Inundation function valid at 00UTC Sept 18-21, 25, and Oct 1, 2018, proceeding from top
left to bottom right.
NHWC TRANSMISSION
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These figures can be compared with AER’s “FloodScan”
maximum inundation map for the event (Figure
11, Galantowicz, 2018). The data reveal significant
agreement between the LN2-F and satellite derived
maximum inundation throughout the entire basin.

Figure 11 - “FloodScan” (AER, Inc.) satellite-derived maximum
inundation estimates for the NE Cape Fear River basin upstream
of Chinquapin. The LN2-F modeled area is outlined in heavy
black, the town of Chinquapin is located near the arrow, and
USGS Gauge 021080000 is located near the star. River/stream
centerlines are shown in yellow, known-flood plains are shown
in green, and dark blue shows the observed extent of inundation
beyond the known flood-plains.

Another way to look at the differences between
configurations 3 and 4 is to compare depth to the
shallow water table. Results for Oct 1, 2018 ─ two
weeks beyond the end of precipitation ─ are shown
in Figures 12a and 12b. Depths equal to zero indicate
the water table is at or above the land-surface, and
depths of negative 2-meters indicate the water table
is at or below the bottom of the modeled soil-column.
Clearly, turning on inundation feedback yields
saturated riparian zones consistent with the longlasting nature of the observed inundation.
The large geographical extent of the Florence
event triggered numerous high-resolution aircraft
overflights conducted by the National Geodetic Survey
in conjunction with NOAA and FEMA (NOAA, 2020).
Figure 13 (next page) shows the survey locations. The
survey corresponding to the Chinquapin area was
conducted on September 18th. Figure 14 (next page)
shows relevant imagery comparing pre-storm (top)
and Sept 18th overflight (bottom) environments from
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FDBK OFF

FDBK ON

Figures 12a and 12b - Comparison of depth to the shallow water
table between inundation switch off (top) versus on (bottom)
for Oct 1, 2018. With the switch on, the soil columns throughout
most of the sub-basin flood-plain (including tributaries) are
saturated; however, with the switch off, significant post-storm
soil drying is already occurring. Flood waters did not recede for
more than two weeks in many areas.
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aloft.
The red line on the bottom panel (Figure 14) depicts
the boundary of the aerial photography; the mid-line
of the NE Cape Fear River is shown in yellow on both
frames. We compared the survey imagery with LN2-F
inundation results valid at 12UTC on Sept 18, shown
in Figure 15 (on the following page). Model results
are qualitatively like the photographic evidence, with
large swaths of inundated land on both sides of the
NE Cape Fear River channel as well as areas on both
sides of Muddy Creek (reference location in Figure 1)
proximate to the town of Chinquapin.
Figures 16 and 17 (on the following pages) compare
photographic and modeled event-maximum
inundation zoomed in near the Muddy Creek/NE
Cape Fear River confluence. Geo-location of the USGS
stream-gauge is starred in both figures. In Figure 16,
the extent of significant inundation along and either
side of North Carolina Highway 50 is easily seen
(compare against Figure 1). In Figure 17, LN2-F clearly
under-predicts the maximum inundation in and
surrounding the western half of the village (outlined/
hatched in pink). The most significant contributor to
this under-prediction is likely the formulation of the
modeled outflow (flux) boundary condition, which is
tuned to not allow bankfull overtopping at a channel
discharge terminus (grey arrow, Figure 17, top).
However, in nature, extensive long-lasting inundation
occurred at and well downstream along southern
sections of the NE Cape Fear River not included in the
model domain. The result of the “default” boundary
condition was to discharge water at an unrealistically
large rate below the gauge location, preventing
additional inundation from occurring proximate to
the Chinquapin area.
Thus, we are studying options to improve the
formulation and we expect these to be useful in future
applications, including direct coupling to oceanhydrodynamic/tidal models. Notwithstanding, these
results represent a vast improvement over those
available from the standard configuration 3 version of
the model. Despite the flaw in the channel discharge
boundary condition, the model performs extremely
well (better!) when compared to the official NOAA
AHPS flood inundation 100-year recurrence map for
this gauge (Figure 17, bottom). Taken over the whole
basin, the event maximum inundation also compares
extremely well with satellite-based observations.

Figure 13 - National Geodetic Survey aerial imagery/survey
locations collected as a result of Hurricane Florence. The NE Cape
Fear River basin upstream of Chinquapin is outlined in red. The
corresponding survey was conducted on September 18.

Figure 14 - National Geodetic Survey aerial imagery comparing
pre-storm (top) and Sept 18th overflight (bottom) environments
from aloft. The red line on the bottom panel depicts the
boundary of the aerial photography; the mid-line of the NE Cape
Fear River is shown in yellow.
NHWC TRANSMISSION
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Figure 15 - National Geodetic Survey inundation imagery on Sept 18th within red boundary near and north of Chinquapin (left); and
model-estimated inundation for same approximate area (right) valid 12UTC, Sept 18. Gauge location is starred (left).

Figure 16 - National Geodetic Survey imagery zoomed in to the town of Chinquapin on Sept 18th. (Cross reference against the prestorm imagery shown in Figure 1).
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Figure 17 - Top: LN2-F event-maximum inundation (blue/green/yellow/red color bins) in 5-inch increments, with ½ inch
minimum; darkest red >= 100 inches. Bounded hatched pink represents areas of inundation under-prediction compared
to overflight imagery shown in Figure 16. The model outflow location is shown with the grey arrow; geo-referenced
gauge location is starred. Highway/road locations are approximate. Bottom: NOAA Advanced Hydrologic Prediction
Service 100-year recurrence flood inundation estimate for the gauge at Chinquapin.
NHWC TRANSMISSION
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Conclusions
In this short article, e have described a
novel implementatio among the family of
models closely related to WRF-Hydro. The
LN2-F version allows for tig t internal coupling
between streamfl w routin and overland
fl w routin , permitting th simulatio of
flood i undatio fully online. Taken over the
whole basin, the event maximum inundation
compares extremely well with the satellitebased observations (Figu es 18, 11).
Two important advancements are presented:
(1) as in nature, stream-stage greater than
bankfull is allowed to directly spill-back onto
the modeled land-surface, while at the same
time ponded water on the land-surface is
allowed to spread as well as fl w downstream
through the modeled floodplain, includin
the portion in the channel not above bankfull.
This coupling occurs within the internal
computational solver at a modeled timestep
on the order a few seconds; (2) as a result,
inundation-water also continually infiltrates
the soil-column and moves downward through
it into the groundwater store. As in nature,
this allows some inundated water to not arrive
at downstream locations. This stands in
contrast to traditional configurations including
the NWM in which all water that drains off the
land-surface into a channel remains confined
to the channel via extension or abstraction of
channel geometry.
Note that because the geometry of the
modeled floodplain is limited by DEM
resolution, it is expected that finer resolution
simulations will provide more exact
inundation extents and modeled depths.
Planned improvements to the outflow
boundary condition will also contribute to
more accurate results. Together, these two
advancements contribute to improved
science-process reality and the possibility of
using the model to directly forecast real-time
inundation events and their long-lasting
extents with no post-processing required
(Figure 18).
For more information on the modeling system
for operational application, please email the
author at: john.mchenry@baronweather.com
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bin number

Figure 18 - LN2-F simulated event-maximum inundation over the entire
basin. Brown hues portray terrain heights (bins 1-20) in 10-feet increments
where inundation did not occur; blue-through-red hues (bins 21-40)
represent inundation depths between 0.5 and 100.5 inches, and lightthrough-dark pink hues (bins 41-50) represent stream-pixels that did not
overflow, showing maximum fraction of bankful stage in percentages
between 0-99.99%. Compare with Figure 11 satellite observations.
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